ABSTRACT. Saponin models of the plasmodial strand of Physarum polycephalum were constructed to study how Ca2+ and ATP regulate the generation of tension. ATP-induced isometric tension in a saponin model increased with an increase in ATP concentration until maximum tension (0.3-1.7 mg) was reached at about 1 mM. The sensitivity of the model to ATP was heightened three to five times in a basic solution containing an ATP-regenerating system, the maximum tension (0.3-0.6 mg) being reached at 0.2 to 0.3 mM ATP. Contraction of the model also depended on the Ca 2+ concentration irrespective of the presence or absence of the ATP-regenerating system. The optimal pCa was 7.0, and tension decreased with a Ca2+ concentration above or below this value. These results indicate that the tension generated in the plasmodial strand of Physarum in vivo may be regulated by ATP and/or Ca 2+.
A plasmodial strand excised from the network region of a Physarum plasmodium contracts and relaxes actively with a particular rhythm. An effective approach for determining the mechanism of tension generation is to construct a suitable model of the plasmodia' strand and to study its dynamic characteristics.
The contractile properties of Physarum plasmodia have been studied using glycerinated models (4, 15) , actomyosin threads (2, 8) and a triton model (13) . All these models showed that contraction requires ATP as the energy source. Matsumura et al. (8) , who reconstituted an actomyosin thread from Physarum myosin and actin, demonstrated clearly that a considerable amount of tension is produced by the thread as a function of the ATP concentration. No distinct Ca2+ dependency, however, has yet been found with the actomyosin thread or other models of Physarum. Recently, we constructed saponin models of the plasmodial strand and found that the tension generated in them clearly depends on both the ATP and Ca2+ concentrations.
MATERIALS AND METHODS
The 
RESULTS
Dependence of tensile force production on the ATP concentration. We measured the isometric tension generated by the saponin model when ATP was added to the basic solution (pCa 7.0) in which the model was immersed. The time course of the isometric contraction of the model induced by 1 mM ATP is shown in Fig. 1 . The tensile force increased somewhat slowly on the addition of ATP and reached maximal tension (0.3-1.7 mg) in 5-20 min. The tensile force produced did not decrease on the removal of ATP; hence, the process was irreversible.
The maximal values of the ATP-induced tensile force of the strand segments varied widely with the mother plasmodium and the time of isolation when the mother plasmodium was the same. This fluctuation could be minimized by isolating samples from the same area of a plasmodium over a short period of time. For this reason, we used a set of specimens belonging to the same series to compare the tension generated at ATP concentrations ranging from 0 to 1.4 mM at 0.2-mM intervals.
The dependency of the tension on the ATP concentration is shown in Fig. 2 . The tensile force (F) was normalized with respect to its maximal value (Fmax), and the mean of the three normalized values from different series of experiments was plotted against the ATP concentration. Tensile force increased as the ATP concentration increased until the maximum was reached at about 1 mM ATP.
Tensile force produced in the presence Of an ATP-regenerating system. An example of isometric contraction in a solution containing an ATP-regenerating system is shown in Fig. 3 . The concentration of ATP was 0.8 mM and that of creatine phospate 20 times this value, the creatine phosphokinase content being 36 units/ml (0.2 mg/ml). As shown in this record, the model first contracted but soon relaxed spontaneously. The reason for this is not clear.
Peak values of tension in an ATP-regenerating system are given in Fig. 4 . The sensitivity to ATP was 3-to 5-fold that of the control which had no regenerating system. Maximum tension without the regenerating system was found at about 1 mM ATP, as described above, whereas the maximum tension produced in the presence of the regenerating system was found between 0.2 and 0.3 mM ATP.
Ca2+ dependency. To examine the relation between tension generation and Ca2+, the Ca2+ concentration in the basic solution containing 1 mM ATP was varied from pCa 5.5 to 8.5 in 0.5 steps by modifying the ratio of CaCl2 to EGTA (5 mM). The optimum pCa was about 7.0 (Fig. 5) . The tensile force decreased whether the Ca2+ Fig. 4 . ATP dependency of tensile force production in the presence of the ATP-regenerating system. ATP sensitivity was three to five times higher than that in the model containing no regenerating system. Bars represent standard deviations (n= 3).
F ig.5 ). Ca2+ dependency of Al F-induced contraction in the saponin model. 1 he abscissa gives the pCas of the ATP solution in which the model is submerged. The solution contained no ATPregenerating system, but the pattern is the same as when it was present. Bars represent standard deviations (n= 3). concentration was above or below this value, decreasing steeply when the concentration was increased and reaching zero at about pCa 5.5. A small tensile force remained, however, when the Ca2+ concentration was lowered. This Ca2+ dependency of tension generation also was found in the model with the ATP-regenerating system. These results show clearly that the tension generated in the model in the presence of a sufficient amount of ATP can be controlled by Ca2+.
In another series of experiments we stored the strand model in ice-cooled basic solution containing a comparatively high concentration of Caz+ (pCa 5.5). No appreciable tension was generated even when a sufficient amount of ATP (1 mM) was added; but, when the Ca2+ concentration was lowered from pCa 5.5 in the presence of 1 mM ATP, the saponin model began to generate a tensile force. Tension increased until the Ca2+ concentration was lowered to pCa 7.0 (Fig. 6 ). Below 7.0, the tension decreased again. The relation of the tension output to pCa was the same whether the Ca2+ concentration was modified before or after ATP was added (Figs. 5 and 6 ).
Our findings indicate that the tension generated by the saponin model of the plasmodial strand segment was regulated by both ATP and Ca2+, ATP being the energy donor and Ca2+ the controller of the energy output.
DISCUSSION
Previously (20), we reported that the intracellular ATP concentration oscillated with the same period as cyclic tension production in a phase relationship in which the ATP concentration increased as the tension increased and decreased as the tension decreased. This is consistent with the ATP dependency of the tension developed in the saponin model described in the present report.
In the presence of an ATP-regenerating system, the sensitivity of the model to ATP increased three to five times. An increase in ATP sensitivity also has been found in Fig. 6 . Calcium-controlled contraction of the saponin model stored with a high concentration of Ca2+ (pCa 5.5). In the presence of 1 mM ATP (without the regenerating system), the Ca2+ concentration alone was lowered from pCa 5.5. The same curve pattern was obtained in the presence of the regenerating system. Bars represent standard deviations (n=3 
